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Structure of 3-isopropylmalate dehydrogenase in complex with
3-isopropylmalate at 2.0 Å resolution: the role of Glu88 in the
unique substrate-recognition mechanism
Katsumi Imada1†*, Kenji Inagaki2, Hideyuki Matsunami2, Hiroshi Kawaguchi2,
Hidehiko Tanaka2, Nobuo Tanaka3 and Keiichi Namba1
Background: 3-Isopropylmalate dehydrogenase (IPMDH) and isocitrate
dehydrogenase (ICDH) belong to a unique family of bifunctional
decarboxylating dehydrogenases. Although the ICDH dimer catalyzes its
reaction under a closed conformation, known structures of the IPMDH dimer
(without substrate) adopt a fully open or a partially closed form. Considering the
similarity in the catalytic mechanism, the IPMDH dimer must be in a fully closed
conformation during the reaction. A large conformational change should
therefore occur upon substrate binding.
Results: We have determined the crystal structure of IPMDH from Thiobacillus
ferrooxidans (Tf) complexed with 3-isopropylmalate (IPM) at 2.0 Å resolution by
the molecular replacement method. The structure shows a fully closed
conformation and the substrate-binding site is quite similar to that of ICDH
except for a region around the γ-isopropyl group. The γ group is recognized by a
unique hydrophobic pocket, which includes Glu88, Leu91 and Leu92 from
subunit 1 and Val193′ from subunit 2.
Conclusions: A large movement of domain 1 is induced by substrate binding,
which results in the formation of the hydrophobic pocket for the γ-isopropyl
moiety of IPM. A glutamic acid in domain 1, Glu88, participates in the formation
of the hydrophobic pocket. The Cβ and Cγ atoms of Glu88 interact with the
γ-isopropyl moiety of IPM and are central to the recognition of substrate. The
acidic tip of Glu88 is likely to interact with the nicotinamide mononucleotide
(NMN) ribose of NAD+ in the ternary complex. This structure clearly explains the
substrate specificity of IPMDH.
Introduction
The metabolic enzyme 3-isopropylmalate dehydrogenase
(IPMDH) is a bifunctional dimeric enzyme that catalyzes
dehydrogenation and decarboxylation reactions in the pres-
ence of NAD+ and a divalent cation, such as Mg2+ or Mn2+,
in the leucine biosynthetic pathway. IPMDH is known as
the first enzyme whose gene was cloned and sequenced
from an extreme thermophile, Thermus thermophilus (Tt;
[1,2]). Thus, IPMDH has been investigated as a model
system for the structure and function of thermostable
enzymes [3].
IPMDH shows a marked similarity to isocitrate dehydro-
genase (ICDH) in its structural framework and catalytic
mechanism, and is classified into a unique group of decar-
boxylating dehydrogenases [4,5]. Tartrate dehydrogenase
(TDH) also belongs to this family [6]. These enzymes cat-
alyze dehydration at C2 and decarboxylation at C3 of (2R,
3S)-2-hydroxy acids and produce 2-keto acids (Figure 1).
The difference between their substrates is the γ moiety
attached to 2R-malate. The enzymes in this category
should, therefore, recognize and distinguish the γ moiety
strictly. In fact, IPMDH demonstrates no activity on iso-
citrate, a substrate of ICDH, and vice versa [7–9]. On the
other hand, IPMDH shows a broad specificity toward
alkylmalates, such as methylmalate or ethylmalate [7,9].
The crystal structures of ICDH from Escherichia coli (Ec)
have been solved in the presence and absence of the sub-
strate, isocitrate, or cofactor, NADP+ [5,9–16]. Although
they can adopt both an open and a closed conformation in
apo-enzyme, the complex structures with substrate and/or
cofactor are in the closed form. These studies in combina-
tion with kinetic studies and mutational analyses have
clarified the catalytic mechanism of ICDH [15,17–19].
The crystal structures of Tt-IPMDH have also been
determined in the absence of substrate, 3-isopropylmalate
(IPM), and cofactor, NAD+ [4], and in the presence of the
cofactor [20]. IPMDH has almost the same topology as
ICDH (Figure 2a), but apo-Tt-IPMDH only adopts an
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open conformation. The structure of Tt-IPMDH com-
plexed with NAD+ shows a partially closed conformation
unlike the closed form of the ICDH–NADP+ complex,
but the manner of the cofactor binding is similar to that
of the ICDH complex. If the catalytic mechanism of
IPMDH is similar to that of ICDH, IPMDH is likely to be
in the closed conformation during the reaction, for which a
large conformational change is required upon substrate
binding. In fact, the radius of gyration of IPMDH
deduced from small angle X-ray scattering is reduced by
the addition of IPM and/or NAD+ [21]. In addition,
recently, the apo-form structure of IPMDH from Salmo-
nella typhimurium (St) has been found to have a unique
dimeric structure with each monomer in an open and a
closed conformation [22]. These results strongly support
the proposal that the closed conformation should be the
active form. A simulation of the closed conformation with
the bound substrate has been carried out based on the
structural similarity to ICDH [21]. Although some aspects
of the substrate binding have been suggested by this
work, the substrate recognition mechanism has not been
substantiated by an experimentally determined structure.
In order to understand the substrate recognition mecha-
nism of IPMDH, co-crystallization of Tt-IPMDH com-
plexed with IPM has been attempted, but no crystal has
been obtained. Although a substrate complex crystal was
obtained by the soaking method, the structure gave no infor-
mation about the substrate-binding mechanism because
the crystal of the open form of Tt-IPMDH was used for
soaking [21]. We have crystallized IPMDH from a meso-
phile, Thiobacillus ferrooxidans (Tf), which not only has
50% sequence identity but also has a similar chain length
to Tt-IPMDH (Figure 3), in the complexed form with
IPM. The enzymatic specificity of Tf-IPMDH is the same
as Tt-IPMDH [9]. Here, we report the crystal structure of
the IPMDH substrate complex and discuss the unique
substrate recognition mechanism of IPMDH.
Results and discussion
Overall structure
The Tf-IPMDH complex and apo-Tt-IPMDH both have
two distinct domains, domain 1 and domain 2 (Figures 2b
and 4a). Within each domain almost the same secondary
structure and folding topology are observed. Domain 1
consists of seven α helices and five β strands and both
the N and C termini are in this domain. Domain 2, which
is involved in the dimer interface, is composed of four
α helices, seven β strands, and a protruding arm-like region,
which forms an inter-subunit β sheet. A separate super-
position for each domain of Tf-IPMDH and Tt-IPMDH
shows only minor differences. The root mean square (rms)
displacement for corresponding Cα atoms are 0.98 Å and
0.58 Å for domain 1 and domain 2, respectively. Tf-IPMDH
complexed with IPM shows a fully closed conformation
(Figures 2b, 2c and 4a), in which domain 1 covers the
substrate. The closed structure resembles St-IPMDH
subunit 1, which also adopts a closed conformation. The
rms displacement is only 0.96 Å for corresponding Cα
atoms. Comparing domain 1 of subunit 1 and subunit 2 of
St-IPMDH and Tt-IPMDH with those of Tf-IPMDH by
superimposing domain 2, the rms displacements of dom-
ain 1 are 2.0 Å, 4.0 Å and 8.8 Å, respectively. The rms dis-
placement is large for Tt-IPMDH because it is in the fully
open conformation. The small and intermediate rms dis-
placements obtained for St-IPMDH represent a closed and
an intermediate conformation of its subunit 1 and subunit 2,
respectively, as described by Wallon et al. [22]. Although
the rms displacement of 2.0 Å for domain 1 is significantly
larger than the 0.96 Å obtained for the whole subunit 1 and
Tf-IPMDH, this appears to be a result of local distortions
produced by the different chain lengths of the two mol-
ecules. In any case, these domain arrangements suggest a
flexible movement of the domains in solution.
In comparison with the open conformation, the closed
conformation of Tf-IPMDH can be described as a result
of a rigid-body movement of domain 1 relative to dom-
ain 2 as follows. Domain 1 is rotated by ~27° around an
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Figure 1
A scheme of the reactions catalyzed by decarboxylating
dehydrogenases. The substrates of these enzymes have the common
malate backbone. (a) 3-Isopropylmalate dehydrogenase (IPMDH),
(b) isocitrate dehydrogenase (ICDH), and (c) tartrate dehydrogenase
(TDH).
NADP+ NADPH
CO2
CH2COOH CH2COOH
2-OxoglutarateIsocitrate
(b)
NAD+ NADH
CO2
OH
Tartrate 2-Oxo-3-hydroxy
propionic acid
(c)
HC
OH
COOH
CH(CH3)2
HC COOH
ONAD+ NADH
CO2
3-Isopropylmalate 2-Oxoisocaproate
(a)
HCH
C COOH
CH(CH3) 2
HC COOH
HC COOH
O
C COOH
HC COOH
HC COOH
OH
OH
HCH
O
C
HCH
OH
COOH
Structure
Research Article  3-Isopropylmalate dehydrogenase in complex with 3-isopropylmalate Imada et al. 973
Figure 2
Comparison of the structures of Thermus
thermophilus (Tf) IPMDH and Escherichia coli
(Ec) ICDH. (a) Folding diagrams of IPMDH
and ICDH. Circles and arrows represent
α helices and β strands, respectively.
(b) Stereo view ribbon representation of a
Tf-IPMDH subunit. The N and C termini are
also indicated. (c) Stereo view of a Tf-IPMDH
dimer complexed with IPM superimposed on
an Ec-ICDH dimer. Subunits are shown in
different colors (cyan and blue, Tf-IPMDH;
green and dark green, Ec-ICDH). A bound
substrate molecule, IPM, is indicated as a ball-
and-stick model for each of the two subunits.
A least-squares superposition was achieved
by minimizing the sum of the squared
distances between corresponding Cα atoms
with a root mean squared (rms) displacement
of 2.0 Å. The figures were generated with
MOLSCRIPT [36] and RASTER3D [37].
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Structure
axis between strands E and F and parallel to strand E.
Strands E and F run almost horizontally and parallel to
the viewing direction in Figure 4a and form the central
β sheet that connects domain 1 and domain 2. The rota-
tion of domain 1 is, therefore, a result of tilt and kink of
the hydrogen bonding plane of this β sheet, with the kink
axis parallel to the strands. Similar rigid-body rotation of
domain 1 has also been found in ICDH [16].
This rigid-body movement suggests the existence of
hinges at the connections of domain 1 and domain 2; the
presence of both the N and C termini in domain 1 implies
that two hinges should be located at both ends of
domain 2. The N-terminal connection of domain 1 to
domain 2 (hinge 1) is located between helix d and strand F
(Figure 4b). As shown in the Ramachandran profile
(Figure 4d), the φ angle of Leu100 and the ψ angle of
Tyr101 are different from the corresponding angles of the
Tt-IPMDH open form by ~40°. Both φ and ψ angles of
Ala102 are also changed by 30°. Leu100, Tyr101 and
Ala102 are well conserved in IPMDHs (Figure 5), indicat-
ing that these residues are required for domain closure.
This hinge site was also assigned in the ICDH structure
[16]. On the C-terminal end of domain 2 (hinge 2), the
dihedral angles of Gly257 and Ser258, which are extremely
well conserved in IPMDHs, are largely changed (Figure
4c, 4e). These conformational changes are directly linked
with the tilt and kink of β sheet E–F by ~27°, as described
above. A part of the F–G loop in domain 2 also moves
along with domain 1 (Figure 4c). The sidechains of Phe109
and Leu112 in the F–G loop of the Tt-IPMDH open form
are deeply pushed into domain 1 and make hydrophobic
interactions with Leu256, Leu292, Val315 and Leu319.
The corresponding residues, Phe110 and Leu113, in the
F–G loop of the closed form, keep the same hydrophobic
interactions with domain 1, resulting in an accompanied
movement of the F–G loop from Ile109 to Ala116 with the
domain 1 movement.
Other structural differences are found in the N-terminal
and C-terminal regions, the j–k loop, and the tip of the
arm region. These differences are caused by the insertion
of a few extra residues (Figure 3). Tf-IPMDH is one
residue longer at the N terminus and three residues longer
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Figure 3
Sequence alignment of Tf-IPMDH, Tt-IPMDH
and Ec-ICDH based on the crystal structures.
The secondary structures of IPMDH and
ICDH are shown: α helices, green boxes;
β strands, red boxes. Elements of the
secondary structures are indicated by α for an
α helix and β for a strand of β sheet. Residues
interacting with the malate backbone of the
substrates are highlighted in blue and
residues interacting with the γ group of the
substrates are highlighted in yellow. The
numbering of residues is shown above each
of the sequences. The identical residues
between Tf-IPMDH and Tt-IPMDH are
shaded.
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Tf IPMDH                          MKKIAIFAGDGIGPEIVAAARQVLDAVDQAA---HLGLR
Tt-IPMDH                           MKVAVLPGDGIGPEVTEAALKVLRALDEAE---GLGLA
Ec-ICDH MESKVVVPAQGKKITLQNGKLNVPENPIIPYIEGDGIGVDVTPAMLKVVDAAVEKAYKGERKIS
Tf IPMDH CTEGLVGGAALDASDD--PLPAASLQLAMAADAVILGAVGGPRWDAYPPAKRPEQGLLRLRKGL
Tt-IPMDH YEVFPFGGAAIDAFGE--PFPEPTRKGVEEAEAVLLGSVGGPKWDGLPRKIRPETGLLSLRKSQ
Ec-ICDH WMEIYTGEKSTQVYGQDVWLPAETLDLIREYRVAIKGPLTTP----VGGGIR--SLNVALRQEL
Tf IPMDH DLYANLRPAQIFPQLLDASPLRPELVRDVDILVVRELTGDIYFGQPRGLEVI------------
Tt-IPMDH DLFANLRPAKVFPGLERLSPLKEEIARGVDVLIVRELTGGIYFGEPRGMS--------------
Ec-ICDH DLYICLRPVRYYQG--TPSPVKH--PELTDMVIFRENSEDIYAG-IEW----KADSADAEKVIK
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Tt-IPMDH ----------------EA--EAWNTERYSKPEVERVARVAFEAARKR-RKHVVSVDKANVLE-V
Ec-ICDH FLREEMGVKKIRFPEH----CGIGIKPCSEEGTKRLVRAAIEYAIANDRDSVTLVHKGNIMKFT
Tf IPMDH TRLWREVVTEVARD-YP-------------------DVRLSHMYVDNAAMQLIRAPAQFDVLLT
Tt-IPMDH GEFWRKTVEEVGRG-YP-------------------DVALEHQYVDAMAMHLVRSPARFDVVVT
Ec-ICDH EGAFKDWGYQLAREEFGGELIDGGPWLKVKNPNTGKEIVIKDVIADAFLQQILLRPAEYDVISC
Tf IPMDH GNMFGDILSDEASQLTGSIGMLPSASLGEGRAMYEPIHGSAPDIAGQDKANPLATILSVAMMLR
Tt-IPMDH GNIFGDILSDLASVLPGSLGLLPSASLGRGTPVFEPVHGSAPDIAGKGIANPTAAILSAAMMLE
Ec-ICDH MNLNGDYISDALAAQVGGIGIAPGANIGDECALFEATHGTAPKYAGQDKVNPGSIILSAEMMLR
Tf IPMDH HSLNAEPWAQRVEAAVQRVLDQGLRTADI--AAPGTPGIGTKAMGAAVVNALNLKD
Tt-IPMDH HAFGLVELARKVEDAVAKALLE-TPPPDL------GGSAGTEAFTATVLRHLA
Ec-ICDH HM-GWTEAADLIVKGMEGAINAKTVTYDFERLMDGAKLLKCSEFGDAIIENM
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at the C terminus than Tt-IPMDH. The extra C-terminal
residues are disordered in the structure. The j–k loop of
Tf-IPMDH has five extra residues, showing different con-
formations. Four additional residues between strands K
and L extend the arm region of Tf-IPMDH.
In the closed conformation, there are two electrostatic
sidechain interactions (located between domain 1 and
domain 2) that are not in the open form of Tt-IPMDH.
Gln112 interacts with Gln321 and Asp99 forms a hydrogen
bond to Arg169, thus fixing the closed conformation. But
these interactions do not seem to be essential for the stabi-
lization of the closed conformation because these residues
are not conserved in all IPMDHs. No other newly formed
or missing sidechain interactions are observed between
domains 1 and 2 in the closed conformation.
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Figure 4
Structural comparison of unliganded
Tt-IPMDH (open form) and Tf-IPMDH
complexed with IPM (closed form). (a) A
stereo view of the Cα trace of a Tf-IPMDH
dimer complexed with IPM superimposed on a
Tt-IPMDH apo dimer shows the movement of
domain 1. The orientation is as in Figure 2c.
The two subunits are shown in different colors
(cyan and blue, Tf-IPMDH; yellow and orange,
Tt-IPMDH). The bound substrate molecules of
IPM are indicated as ball-and-stick models.
The superposition was based on the
corresponding Cα atoms in domain 2 of the
two structures. The figure was generated with
MOLSCRIPT [36] and RASTER3D [37]. (b) A
close-up view of the mainchain trace around
hinge 1, viewed from the axis of rigid-body
rotation of domain 1. Tf-IPMDH and Tt-IPMDH
are colored blue and yellow, respectively. The
residues of hinge 1, Leu100, Tyr101 and
Ala102 of Tf-IPMDH, are marked in green and
the corresponding residues, Leu99, Phe100
and Ala101, of Tt-IPMDH are in red. (c) A
close-up view of the mainchain around
hinge 2, viewed from the opposite side to that
in (b). Gly257 and Ser258 of Tf-IPMDH are
marked in green and the corresponding
residues, Gly252 and Ser253, of Tt-IPMDH
are in red. Figures (b) and (c) were generated
with the program O [32]. (d) Ramachandran
plots of hinge 1. The φ and ψ angles are
plotted with colored circles from Gly97 (red)
to Arg105 (violet) for Tf-IPMDH. Leu100,
Tyr101 and Ala102 are colored in yellow,
green and cyan, respectively. The
corresponding residues of Tt-IPMDH (from
Ser96 to Arg104) are also plotted with the
same color order as Tf-IPMDH. The circles are
connected according to the residue number
with continuous lines for Tf-IPMDH and
dashed lines for Tt-IPMDH. (e) Ramachandran
plots of hinge 2. The φ and ψ angles are
plotted from Leu255 (red) to Ser264 (violet)
for Tf-IPMDH. Gly257 and Ser258 are
colored in orange and yellow, respectively.
The corresponding residues of Tt-IPMDH
(from Leu250 to Ser259) are also plotted with
the same color order as Tf-IPMDH. The
connections are indicated as in (d).
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The active site
Although the crystal structure of Tt-IPMDH complexed
with IPM has been solved in the open form ([21];
Figure 6e), it has been thought that this is not the active
structure but an artifact caused by a soaking method used
to prepare the complex crystal. The hydrogen bonding
partners of the malate backbone are completely different
from those in ICDH, and IPM is located far from the diva-
lent cation that is essential for the reaction. Furthermore,
the isopropyl group is exposed to the solvent, giving no
clue to the substrate recognition mechanism. Unlike this
open form complex, the active-site structure of the closed
conformation of Tf-IPMDH complexed with IPM shows
good agreement with that of ICDH ([10]; Figures 6b, 6c
and 7b). The active site is located in the cleft between
domain 1 and domain 2. The residues forming the active
site of IPMDH and ICDH can be fitted well to each
other, except for those around the γ moiety of the sub-
strate. The malate backbone of IPM hydrogen bonds to
residues Arg95, Arg105, Arg133, Tyr140, Lys190′, Asp222′,
Asp246 and Asp250 (the prime indicates the subunit 2).
These residues are conserved in all known IPMDHs and
ICDHs, and can be superimposed within an rms deviation
of 0.88 Å (Figure 7b). A large density that appeared
between IPM and the sidechains of Asp222′ and Asp246
in the 2Fo–Fc map was identified as a magnesium ion
(Figure 7a), because it occupies the same position as the
magnesium ion in the ICDH structure. The remarkable
similarity of the structure surrounding the malate back-
bone of the substrates to the corresponding part of ICDH
indicates that the reaction of IPMDH proceeds according
to the process proposed for the reaction mechanism of
ICDH [11,14,19]. 
The γ-isopropyl group of IPM is surrounded by the
hydrophobic surface of the substrate-binding pocket
(Figures 6a, 6b and 7b). The pocket is formed by Glu88,
Leu91, Leu92 and Val193′, which are conserved in all
known IPMDHs. Val193′ forms the back bottom wall of
the pocket, and Leu91, Leu92 and Glu88 form the top
wall, as shown in Figure 6a, 6b. Interestingly, the
sidechain arm, Cβ and Cγ, of Glu88, contributes to the for-
mation of the hydrophobic pocket. The sidechain arm is
fitted into the fork of the γ-isopropyl group. The distances
between Cβ of Glu88 and C6 and C7 of IPM are 3.7 Å and
3.9 Å, respectively. The carboxyl group at the tip of the
sidechain of Glu88 points away from the substrate and
possibly interacts with NAD+ in the ternary complex, as
discussed later.
Kadono et al. [21] produced a simulated model of the
closed structure with IPM, based on the structural similar-
ity to ICDH. Although a direct comparison of the simu-
lated model with our experimentally determined structure
is not possible, because the model coordinates were lost by
an unfortunate accident, the active site around the malate
backbone appears to have been fairly well simulated. The
residues interacting with the γ-isopropyl group have quite
different conformations, however. IPM, too, has a different
conformation and its binding position seems to be shifted
to the outside relative to the active-site cleft in the simu-
lated model. Val193′, which forms the hydrophobic pocket
and is conserved in all IPMDHs, is in van der Waals
contact with the γ-isopropyl group (3.6 Å) in our structure
and should, therefore, have an important contribution to
the substrate recognition. Val193′, however, was not nomi-
nated as a residue responsible for the substrate recognition
in the simulated structure. Because of these significant dif-
ferences, the simulated model was not able to provide a
base for understanding the reaction mechanism.
All the residues forming the hydrophobic pocket line up
on helix d, except for Val193′ (Figure 6b). Ser113 and
Asn115 of ICDH, which interact with the γ-carboxylate of
isocitrate, are also located on helix d ([4]; Figure 6c). The
length of the helix is different between IPMDH and
ICDH; helix d of IPMDH (Pro87–Gly97) is one turn
longer than that of ICDH (Ser113–Glu121), and Glu88 of
IPMDH is present in the extra turn (Figure 5). Glu88,
Leu91 and Leu92 are located on the same side of the
helix as the substrate. In the case of ICDH, Asn115 sits on
the same side, but Ser113 is on the far side of the helix
from the substrate. Despite the location at the far side of
976 Structure 1998, Vol 6 No 8
Figure 5
An alignment of the amino acid sequences between strand C and
strand F of IPMDHs from Kluyveromyces lactis (Kl), Candida utilis
(Cu), Candida maltosa (Cm), Saccharomyces cerevisiae (Sc), Bacillus
subtilis (Bs), Bacillus coagulans (Bc), Bacillus caldotenax (Bt),
Escherichia coli (Ec), Salmonella typhimurium (St), Thermus
thermophilus (Tt), Thermus aquaticus (Ta), and Thiobacillus
ferrooxidans (Tf), and ICDHs from Escherichia coli and Thermus
thermophilus. The secondary structures are shown: α helices, green
boxes; β strands, red boxes. Elements of the secondary structure are
indicated by α for an α helix and β for a strand of β sheet. The
sequence numbers of Tf-IPMDH and Ec-ICDH are indicated.
Kl DAVLLGAVGGPKWG--TGAVR PEQG-LLKIRKE LGLYA
Cu DAVLLGAVGGPKWG--TGAVR PEQG-LLKIRKE LNLYA
Cm DAVLLGAVGGPKWG--TGAVR PEQG-LLKIRKE LNLYA
Sc DAVLLGAVGGPKWG--TGSVR PEQG-LLKIRKE LQLYA
Bs DAILLGAVGGPKWDQNPSELR PEKG-LLSIRKQ LDLFA
Bc DAILLGAVGGPKWDHNPASLR PEKG-LLGLRKE MGLFA
Bt DAVLLGAVGGPKWDDNPPHLR PEKG-LLAIRKQ LDLYA
Ec DAVLFGSVGGPKWEHLPPDQQ PERGALLPLRKH FKLFS
St DAILFGSVGGPKWENLPPESQ PERGALLPLRKH FKLFS
Tt EAVLLGSVGGPKWDGLPRKIR PETG-LLSLRKS QDLFA
Ta EAVLLGSVGGPKWDALPRKIR PESG-LLALRKS QDLFA
Tf DAVILGAVGGPRWDAYPPAKR PEQG-LLRLRKG LDLYA
Ec RVAIKGPLTTP----VGGGIR --SL-NVALRQE LDLYI
Tt RVVLKGPLETP----VGYGEK --SA-NVTLRKL FETYA
IPMDH
ICDH
Structure
βC C–d loop αd βF
βC C–d loop αd βF
71
101 111 121
81 91 101
the helix, Ser113 is allowed to adopt a conformation that
can make an interaction between the sidechain hydroxyl
group and the substrate because it lies on the N-terminal
end of helix d. On the contrary, Gln89 of Tf-IPMDH,
which occupies the equivalent position to Ser113 of
ICDH, cannot be in contact with the substrate because it
is located in the extra turn of helix d. Thus, the previous
residue, Glu88, interacts with the substrate in IPMDH.
Comparing the positions of Cα atoms, Glu88 is 1.0 Å
closer to the Cγ atom of the substrate and 2.0 Å further
outside the active-site cleft along helix d compared with
Ser113. Consequently, IPMDH has a narrow and deep
pocket for the γ-moiety recognition, whereas ICDH has a
relatively wide and open pocket.
A sequence alignment of IPMDHs from various sources
(Figure 5) shows that IPMDHs from Ec and St have an
insertion of one residue, alanine, before Leu91 and have a
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Figure 6
Comparison of the γ moiety recognition site.
(a) A space-filling stereo drawing of the active
site of Tf-IPMDH, viewed from the right-hand
side of Figure 7b. The substrate is shown in
ball-and-stick representation. Atoms are color-
coded: oxygen, red; nitrogen, blue; and
carbon, gray. A green ball represents a sulfur
atom of a methionine residue and a small
magenta ball indicates the magnesium ion.
The carbon atoms in the hydrophobic pocket
are highlighted in orange. Residues forming
the hydrophobic pocket are labeled with their
residue numbers. Schematic representations
of the active site of (b) Tf-IPMDH (closed
conformation), (c) Ec-ICDH (closed
conformation), (d) St-IPMDH (closed
conformation), (e) Tt-IPMDH IPM complex
(open conformation). The orientation is as in
(a). (d) Was generated by the superposition of
IPM and Mg of the Tf-IPMDH binary complex
onto the structure of St-IPMDH solved without
IPM and Mg. The protein backbone is shown
in a ribbon representation. The substrate
molecules and sidechains lying in the active
sites are shown in ball-and-stick
representation. The color coding of the atoms
is as in (a). Residues interacting with the
γ moiety of the substrates are labeled with
their residue numbers. The figures were
generated with MOLSCRIPT [36] and
RASTER3D [37].
proline after Leu92 in helix d. Although this insertion
would change the position of Glu88 to the far side of
helix d, resulting in the destruction of the hydrophobic
pocket, the proline residue produces a kink or distortion in
helix d, allowing the formation of the hydrophobic pocket
and the interaction between Glu88 and the substrate in
much the same way to Tf-IPMDH [22].
Implications for the ternary complex
The similarities between the active-site structures and the
reactions of IPMDH and ICDH imply the similarity of the
ternary complex structures. To model the structure of 
the ternary complex of IPMDH, the structure of the
Tt-IPMDH–NAD+ binary complex [20] was first super-
imposed to the IPMDH–IPM binary complex. Although
two nicotinamide conformations have been reported,
neither conformation seems to reflect the structure in the
ternary complex of IPMDH. When domain 1, the NAD+-
binding domain, of the IPMDH–NAD+ complex was
superimposed to that of the IPMDH–IPM complex, the
nicotinamide ring lay on the γ-isopropyl group in both cases.
This is an impossible position for hydride transfer. When
the ICDH–NADP+–isocitrate complex (PDB code 1IDE;
[14]) is superimposed onto the IPMDH–IPM complex, the
nicotinamide ring can be accommodated in the appropriate
position for hydride transfer without any steric hindrance in
the IPMDH–IPM structure (Figure 8). The nicotinamide
mononucleotide (NMN) ribose is located close enough to
the Glu88 carboxyl group for an electrostatic interaction.
This is consistent with an observation of increased Km
values for NAD+ binding by mutations at Glu88 [8,23].
The crystal structure of the ICDH ternary complex sug-
gests that the negative charge of the γ-carboxylate of iso-
citrate aligns the nicotinamide ring, which stabilizes the
Michaelis complex [12]. Glu88, lying near the nicotin-
amide in the IPMDH–NAD+ complex structure, has been
considered to stabilize the nicotinamide ring in the same
way as the γ-carboxylate. The kinetic studies showed
rather conflicting results, however; mutations at Glu88
reduced the kcat values when 2R-malate was used as a sub-
strate, but they did not affect the kcat values for IPM [8,23].
The ternary complex model gives a possible explanation
for these kinetic results. When IPM is the substrate, the
sidechain arm of Glu88 is bent sharply as a result of the
presence of the γ group; the carboxyl group of Glu88
cannot interact with the nicotinamide ring directly but can
interact with NMN ribose. Glu88 may not be involved in
the alignment of the nicotinamide ring, and the substitu-
tion of Glu88 did not, therefore, affect the kcat values for
IPM. In the IPMDH ternary complex model, the NMN
group is pushed tightly into the active-site pocket, which is
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Figure 7
The active-site structure of Tf-IPMDH.
(a) Stereo view of the 2Fo–Fc electron-density
map of the active site of the Tf-IPMDH–IPM
complex with its final model. IPM is shown at
the center of the figure. The green circle
indicates the magnesium ion that is necessary
for the enzymatic activity. The map was
generated from the refined coordinates at
2.0 Å. IPM and Mg were omitted from the
phase calculation for the map. The figure was
generated with the program O [32].
(b) Stereo view of the active-site structure of
Tf-IPMDH superimposed on that of Ec-ICDH.
The superposition matrix was calculated with
the atomic coordinates of the residues
interacting with the malate moiety of the
substrates. The calculation was performed
using the coordinates of the ICDH–NADP+–
isocitrate complex (PDB code 1IDE; [14]).
The residues interacting with substrate are
colored by atom type: oxygen, red; nitrogen,
blue; and carbon, gray. The bonds in the two
different subunits are colored as in Figure 2c
(cyan and light blue, Tf-IPMDH; and green
and dark green, Ec-ICDH). IPM and isocitrate
with oxygens in red are shown at the center of
the figure in yellow and white, respectively.
Dark blue balls indicate the magnesium ions.
Residue numbers of Tf-IPMDH are also
indicated. The figure was generated with
MOLSCRIPT [36] and RASTER3D [37].
covered by the C–d loop (Gly71–Arg86). The NMN group
in the ICDH ternary complex is relatively loosely pack-
aged because the C–d loop of ICDH is four residues
shorter than that of IPMDH. The restricted conforma-
tional freedom of NMN caused by the tight packing in the
IPMDH closed form may be sufficient for the alignment
of the nicotinamide ring necessary for the reaction of
IPMDH. On the other hand, when malate is the substrate
(lacking the γ group), the carboxylate of Glu88 may lie in a
similar position to the γ-carboxylate in ICDH, stabilizing
the nicotinamide ring. Thus, the high kcat of IPMDH for
2R-malate may result from the direct interaction between
the negative charge of Glu88 and the positive charge of
the nicotinamide ring.
Induced fitting of Glu88
In the fully closed conformation of the IPMDH–IPM com-
plex, the sidechain atoms of Glu88 are tightly fixed on the
γ-isopropyl group with a low B factor (23.9 Å2, which is
comparable to the molecular average of 22.1 Å2; Table 1).
In contrast, in the crystal structures of apo-Tt-IPMDH
(PDB code 1IPD; [4]), apo-Tt-IPMDH at 100K (PDB
code 1XAA) and Tt-IPMDH complexed with NAD+ (PDB
code 1HEX; [20]), which are in the open or partially closed
conformation, and the crystal structure of St-IPMDH
subunit 1 [22], which is in the closed form without IPM
bound, the corresponding glutamate sidechain atoms have
a B factor much above the molecular average (Table 1).
Furthermore, these structures show various conformations
for this sidechain. The active-site pocket in the structure of
St-IPMDH subunit 1 is not hydrophobic because the con-
formation is quite different; the carboxyl group of gluta-
mate occupies the position where the γ-isopropyl group is
supposed to be located in the IPM-bound structure. These
observations suggest that the Glu88 sidechain is signi-
ficantly mobile in the absence of the substrate and its
conformation is stabilized to form the tightly fitting hydro-
phobic pocket for the γ-isopropyl group upon substrate
binding. The substrate binding therefore appears to cause
a significant rearrangement of the sidechains that are
involved in the formation of the hydrophobic pocket.
Thus, only the experimentally determined IPM-bound
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Figure 8
Structure of the possible ternary complex of
IPMDH–NAD+–IPM. The structure was
generated by superposition of the Ec-ICDH
ternary complex onto the Tf-IPMDH binary
complex. The superposition matrix was
calculated with the atomic coordinates of the
residues interacting with the malate moiety of
the substrates. The rms displacement of the
atoms of the two structures is 0.88 Å. The
protein backbone is indicated by a ribbon
representation. The substrate molecules, the
nicotinamide mononucleotide (NMN) moiety of
the coenzyme NAD+, and sidechains in the
active sites are shown as ball-and-stick models.
Protein and substrate atoms are colored as in
Figure 7b, the bonds of the coenzyme are in
orange, and phosphate atoms are in light
purple. The figure was generated with
MOLSCRIPT [36] and RASTER3D [37].
Table 1
Average B factors of Tf-IPMDH and Tt-IPMDH.
B factor Tf-IPMDH Tt-IPMDH Tt-IPMDH Tt-IPMDH St-IPMDH
(100K) (room temperature) (NAD complex) (subunit 1)
Molecular average
all atoms 22.1 22.7 32.7 41.5 21.2
mainchain atoms 20.9 21.3 31.9 39.4 20.1
sidechain atoms 23.4 24.2 33.7 43.9 22.4
Glu88 (87 for Tt, 91 for St)
all atoms 23.9 38.4 45.3 90.0 83.5
mainchain atoms 19.1 27.8 41.7 79.3 78.5
sidechain atoms 27.8 47.0 48.1 98.5 87.5
The average B factors were calculated over the dimeric and monomeric molecule in an asymmetric unit for Tf-IPMDH and Tt-IPMDH, respectively.
structure presented in this study can provide a deep
insight into the substrate binding and reaction mechanism
of this enzyme.
Substrate specificity of IPMDH
IPMDH shows a broad substrate specificity for alkylmal-
ates, such as methyl, ethyl, isopropyl, isobutyl tert-butyl
and isoamyl malate. The kinetic constants, kcat and Km, of
Tt and Tf-IPMDH are all similar for these alkylmalates
[7]. The broad specificity can be explained by ‘induced
fitting’ formation of the hydrophobic pocket responsible
for the γ-group recognition. The sidechain arm of Glu88,
which is the major component of the hydrophobic pocket,
appears to be mobile in the open conformation. The flexi-
bility of the Glu88 sidechain arm seems to be essential for
forming the hydrophobic pocket suitable for various shapes
and sizes of the alkyl γ-group upon domain closure. In this
way, either bulky or small alkyl γ-groups can be nicely
accommodated in the hydrophobic pocket.
Despite the similarity of the active-site structures and
substrates between IPMDH and ICDH, IPMDH is com-
pletely inactive to isocitrate. A kinetic study shows that,
by replacing Glu88 with glutamine or glycine, IPMDH
can bind isocitrate, suggesting that the electrostatic repul-
sion between Glu88 and γ-carboxylate of isocitrate inhibits
the binding [8]. The structure obtained in the present
study supports this hypothesis. Glu88 in the IPMDH
complex is much closer to the γ-group than Ser113 of
ICDH. The repulsive force between the negative charges
probably repels isocitrate out before complete domain
closure. Suppression of isocitrate binding by charge repul-
sion has also been indicated by mutation analyses of
ICDH [10,17]. In fact, substitution of negatively charged
residues, such as glutamate or aspartate, for Ser113 of
ICDH reduces the affinity for isocitrate. The Ser113→
Glu mutant still has an affinity for isocitrate, however,
whereas IPMDH is completely inactive. This difference
in the specificity can be explained by the location of the
glutamate residue; Glu88 is closer to the substrate than
Ser113. The X-ray structure suggests that the Ser113→
Glu mutant accepts isocitrate in the active site by a
rearrangement of the glutamate sidechain and isocitrate to
decrease the electrostatic repulsion, and explains how the
restricted mobility of Glu113 is necessary for the effect of
this mutant sidechain [10,24]. IPMDH is completely inac-
tive for isocitrate, probably because it would have no
space to accommodate isocitrate in a position far enough
from Glu88 in the pocket.
Biological implications
Strict recognition of substrate molecules by enzymes is
essential for well-regulated metabolic reactions. 3-Iso-
propylmalate dehydrogenase (IPMDH), which is the
third enzyme in the leucine biosynthetic pathway, is cate-
gorized in a unique family of metal-dependent dimeric
decarboxylation dehydrogenases. The enzymes in this
family catalyze chemically equivalent reactions: the de-
carboxy dehydrogenation of the common malate back-
bone of their substrates with strict discrimination of the
γ moiety attached to the backbone. The best-investigated
enzyme in this family is isocitrate dehydrogenase
(ICDH). ICDH and IPMDH show remarkable similari-
ties in their catalytic reactions, substrate and three-
dimensional structures, as well as the primary sequences.
The structures of ICDH in its binary and ternary com-
plexes revealed the catalytic mechanism of the enzymes
in this class. ICDH has two distinct domains and adopts
a closed-domain conformation in the complex. Compari-
son of the two enzymes suggests that the full domain
closure is required for substrate binding of IPMDH. But
the known structures of IPMDH, apo-IPMDH and the
IPMDH–NAD+ complex showed only an open or a par-
tially closed domain arrangement. The only exception
was apo-IPMDH from Salmonella typhimurium, which
has a closed subunit in its unique asymmetrical dimer.
Based on the structures of the ICDH ternary complex
and apo-IPMDH, the substrate-recognition site of
IPMDH has been modeled, and mutational experiments
have been performed to change the substrate specificity.
Despite the availability of structural and biochemical
information, all these attempts have failed because the
real structure of IPMDH complexed with the substrate,
3-isopropylmalate (IPM), which gives us clues to the
substrate recognition mechanism, was not known.
In the present work, we have determined the first
crystal structure of the IPMDH–IPM complex and
clarified the interactions between the substrate and the
recognition site. Domain 1 is largely moved from the
apo-form to form a closed conformation. The active-site
structure around the malate backbone of the substrate
is very similar to the ICDH structure. The γ-isopropyl
group of IPM is recognized by the hydrophobic pocket,
which is formed by domain closure. Interestingly, the
sidechain carbon atoms of Glu88 occupy an important
part of the pocket for substrate recognition. Although
the long sidechain of Glu88 provides a hydrophobic
surface that directly interacts with the γ moiety of IPM,
a model of the IPMDH–IPM–NAD+ complex suggested
that the carboxyl group at the tip is likely to interact
with nicotinamide mononucleotide ribose. Thus, IPMDH
utilizes the dual property of glutamate for its substrate
recognition.
Materials and methods
Crystallization
Tf-IPMDH was overexpressed in E. coli and purified as described pre-
viously [25,26]. A combination of vapor diffusion and micro-seeding
techniques [27] were used to crystallize the Tf-IPMDH complex. A
protein solution was prepared at a concentration of 15 mg/ml and 4 µl
was mixed with the equal volume of reservoir solutions containing
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10–20% PEG 6K and 0.1 M MES, pH 6.0–6.5, and 2 µl of a sub-
strate solution containing 20 mM IPM and 100 mM MgSO4. The mix-
tures were equilibrated against 1 ml of reservoir solutions at 16°C.
Initially, crystals were grown in clusters of thin plates in a week. These
crystals were crushed and diluted in the reservoir solution and used
for streak seeding in the same condition as the initial crystallization.
Single crystals with a typical dimension of 0.3 mm × 0.3 mm × 0.5 mm
appeared within 2–4 days of incubation. Although all the crystals
showed the same morphology, two crystal forms were obtained in the
same drop. One crystal form belongs to the monoclinic space group
C2 with the unit cell dimensions, a = 119.4 Å, b = 131.0 Å,
c = 56.4 Å, β = 108.7°. The other crystal form is orthorhombic belong-
ing to the point group of P222 with the cell dimensions, a = 56.8 Å,
b = 116.8 Å, c = 131.4 Å, and shows systematic absences of reflec-
tions along all the cell axes, indicating the space group P212121. As
judged from the unit cell and the density of the crystals, the asymmet-
ric unit was determined to contain two molecules of Tf-IPMDH in both
crystal forms.
Data collection
To avoid radiation damage, cryo-crystallographic techniques have been
employed for data collection. The crystals were transferred into a cryo-
protectant (mother liquor with 15% MPD) and equilibrated for 8 h.
Rapid-freezing of the crystals to ∼100K was achieved by plunging them
into liquid propane with a specially designed plunger. A cryo-stream
(Oxford Instruments) was used to keep the crystals cooled down to
100K during data collection. Diffraction data were collected with an
R-AXIS IIc imaging plate detector (Rigaku; [28]) and double mirror
optics (Charles Supper), using CuKα X-ray radiation from a high bril-
liant rotating anode X-ray generator, FR (Rigaku), operating at 50 kV
and 60 mA. The intensity data were processed with the computer
program PROCESS (Rigaku; [29]). The statistics of all the diffraction
data are summarized in Table 2.
Structure determination and refinement
The self-rotation functions of the data were calculated by POLARRFN
in the CCP4 program suite [30] for both crystal forms. No significant
peak was observed in the case of the orthorhombic crystal, indicating
that the non-crystallographic twofold axis is parallel to a crystallo-
graphic axis. The self-rotation map of the C2 crystal revealed two
peaks. The location of one of the peaks indicated that the non-crystallo-
graphic twofold axis is parallel to the crystallographic a* axis. Combina-
tion of the local twofold axis and crystallographic 21 axis generated
another non-crystallographic axis along the crystallographic c axis,
which corresponds to the other peak in the map.
The structure was solved by molecular replacement using the com-
puter program AMoRe [31]. The crystal structure of the apo-Tt-
IPMDH dimer (PDB code 1IPD) was used as a target structure.
Initially, the data from the orthorhombic crystal was used for the
analysis because it showed a higher diffraction limit than the mono-
clinic crystal, but it gave no solution in the translation function. It
showed many peaks of similar heights characterized by similar corre-
lation coefficients and R factors. Thus, we used the data from the
monoclinic crystals for the initial structure determination. The rotation
function calculated with data in the range 15–4 Å resolution and an
integration radius of 30 Å produced one strong peak of 21.6σ with
no other peaks above 15.1σ. The orientation of the model molecule
corresponding to the first peak indicated that the local twofold axis is
parallel to the crystallographic a* axis, which is consistent with the
result of the self-rotation analysis. Translation search with the whole
dimer of Tt-IPMDH as a search model showed many peaks and gave
no solution. The translation search using only domain 2 of the Tt-
IPMDH dimer as a search model gave a weak but single solution with
a correlation coefficient of 0.512 and an R factor of 0.512. The next
peak in the translation search was 0.506 and 0.527, respectively. An
electron density map was calculated using phases from the molecu-
lar replacement model. Domain 1, which was not included in the
phase calculation, appeared in the map.
Model building and fitting were performed with a graphic program O
[32], running on a Silicon Graphics INDIGO 2 workstation. The calcu-
lated map showed clear densities for all the residues in domain 2 and
helix d (residues Pro87–Gly97), but poor densities for the remaining
part of domain 1. After the assignment of helix d and recalculation of
phases, several secondary structures in domain 1 appeared in the map.
Iterative rounds of model building and phase calculation enabled all the
missing residues to be assigned to electron densities, except for the
C-terminal three residues of both subunits. The 2Fo–Fc map showed
the indicative densities for the substrate.
At this stage we found that the domain conformation of the Tf-IPMDH–
IPM complex was significantly different from the apo-form of Tt-IPMDH,
which had been used as the target model of molecular replacement.
After several cycles of refinement using a program package X-PLOR
[33], the new model was applied to the rotational and translational
search of the orthorhombic crystal. The rotation and translation function
showed single peaks when the space group was assigned to P21212
with the unit cell dimensions, a = 56.8 Å, b = 116.8 Å, c = 131.4 Å.
The rotation function gave a single peak indicating that the local
twofold axis is parallel to the c axis. The solution of the translation func-
tion was at a fractional coordinate of (0.33, 0.23 and 0.25). Because
the fractional coordinate z of the solution was 0.25, combination of the
local twofold axis along c and the crystal 21 axis along a produced a
local 21 axis along c, which caused the systematic absence along c*.
Other cells and space groups of the orthorhombic crystal system did
not produce a significant solution.
Again, refinement was carried out with X-PLOR [33]. To avoid overfit-
ting to the data, 10% of the diffraction data were left out of the refine-
ment and used for Rfree [34] calculations. A non-crystallographic
twofold symmetry restraint (NCS) was applied to both mainchain and
sidechain atoms in early cycles of the refinement. In the last stage of
the refinement the NCS restraint was released. No restraints were
applied to the ligand atoms. The C-terminal residue of Tf-IPMDH,
Asp358, could not be seen in the electron density map, and was not,
therefore, included in the refinement. Solvent molecules were assigned
by a peak search of the difference Fourier map. Solvent occupancies
were set to 1.0 and were not refined. The final model consists of a Tf-
IPMDH dimer (357 × 2 residues), two substrate molecules, two mag-
nesium ions and 504 water molecules, with B factors below 60 Å2 and
good stereochemistry. The final refinement converged to an R factor of
19.8% and a free R factor of 27.5% for the reflections F > 2σ(F)
between 8 Å and 2.0 Å. The rms deviation from ideal values for the
bond lengths and bond angles are 0.01 Å and 1.3°, respectively. The
rms difference of the mainchain atom positions between the two mol-
ecules of the non-crystallographic dimer is 0.22 Å. The stereochemistry
of the Tf-IPMDH model was checked with PROCHECK [35]. A
Ramachandran plot showed that 92% of the residues in the dimer lie in
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Table 2
Summary of data collection.
C2 P21212
2.5 Å resolution 2.0 Å resolution
Unique reflections 26 838 44 212
*Rmerge
overall (%) 6.2 6.0
last shell (%) 14.4 (2.75–2.5 Å) 14.2 (2.25–2.0 Å)
Completeness
overall (%) 93 92
last shell (%) 94 (2.75–2.5 Å) 86 (2.25–2.0 Å)
Redundancy 2 3.7
Number of crystals 1 2
*Rmerge = ΣI – 〈I〉/ΣI.
the most favored region and none in the disallowed regions. Final
refinement statistics are listed in Table 3.
Tertiary structure alignment with other IPMDHs and ICDH was carried
out using a program LSQAB in the CCP4 program suite. The coordi-
nates used for the calculation were obtained from the PDB.
Accession numbers 
The atomic coordinates have been deposited at the Brookhaven Protein
Data Bank with the code 1A05. PDB codes for other atomic coordi-
nates discussed in this study are 1IPD (Tt-IPMDH at room temperature),
1XAA (Tt-IPMDH at 100K), 1HEX (Tt-IPMDH–NAD+ complex), and
1IDE (Ec-ICDH ternary complex).
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Table 3
Summary of refinement statistics*.
Resolution (Å) 8.0~2.0
Number of atoms in the asymmetric unit
protein atoms 5386†
water molecules 504
substrate molecules 24
Mg2+ 2
Rfree (%)‡ 27.5
Rworking (%)§ 19.8
Rms deviations from ideal geometry
bond (Å) 0.01
angle (°) 1.3
*Number of reflections used in refinement having F ≥ 2σ(F). †The
C-terminal residue (358) was excluded. ‡Rfree = ΣFobs – Fcalc/ΣFobs
for 10% of the reflection data. §Rworking = ΣFobs – Fcalc/ΣFobs for the
remaining 90% of the reflection data.
